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Stereoscopic segregation in depth was studied using two superimposed frontoparallel surfaces 
displayed in dywnnic random dot stereograms. The two patterns were positioned symmetrically in 
front of and behind a binocular fixation point. They were either stationary, or they could move 
relative to each other. Sensitivity for segregation was established by adding gaussian distributed 
disparity noise to, the disparities pecifying the two planes, and finding the noise amplitude that gave 
threshold segreg.ation performance. Observers easily segregate the two surfaces for disparity 
differences between ~ 6 and 30--40 arcmin. Motion contrast, which by itself provides no cue to 
perform the task:, greatly improves sensitivity for segregation. Noise tolerance rises by a factor of 
two or more when the patterns move at different speeds, or in different (frontoparallel) directions. 
The effect increases with directional difference, but the optimal directional difference deviates from 
180 deg. The optimal speed varies with disparity difference. Thus, motion and disparity must 
interact in order to resolve the two transparent planes. © 1998 Elsevier Science Ltd. All rights 
reserved. 
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INTRODUCTION 
The perception of solid depth in random dot stereograms 
illustrates that the visual system can solve the binocular 
correspondence problem based solely on binocular 
disparities, without any other cues for depth or shape 
(Julesz, 1960, 1964). This establishes binocular disparity 
as a low-level feature and suggests that analysis of 
stereoscopic depth may involve a separate module in 
visual processing. 
To extract depth from random dot stereograms, or any 
other set of disparate images, binocular correlation 
mechanisms must solve the correspondence problem; 
detecting correlation is a necessary first step in binocular 
depth perception. In random dot stereograms the correct 
matches can only be established through global optimisa- 
tion. This requires integration of disparity information 
over several pattern elements. The requirements for 
spatial and temporal in~Legration have previously been 
studied for flat, fronl:oparallel surfaces (Cormack, 
Stevenson, & Schor, 1991; Cormack, Stevenson, & 
Schor, 1994; Julesz & Tyler, 1976; Stevenson, Cormack, 
Schor, & Tyler, 1992; Tyler & Julesz, 1978), and for 
sinusoidal gratings in depth (Lankheet & Lennie, 1996). 
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These studies describe the integration of disparity 
information along smooth surfaces in depth. Successful 
binocular correlation depends, however, not only on 
integration along surfaces, but also on segregation at 
depth discontinuities. Depth edges, for example at figure- 
background boundaries require segregation rather than 
smoothing by integration. Integration and segregation 
thus impose conflicting demands on binocular correlation 
mechanisms. In this paper we specifically study the 
requirements for segregation in establishing binocular 
correlation, and we are especially interested in the 
question of whether motion affects binocular correlation. 
To study segregation we use dynamic random dot 
stereograms that define two superimposed, frontoparallel 
planes (Julesz & Johnson, 1968, Schumer, 1979) and we 
measure sensitivity to segregate the planes in depth. 
Previous studies have established the minimum and 
maximum disparity differences that humans can resolve 
in such transparent displays (Stevenson, Cormack, & 
Schor, 1989; Akerstrom & Todd, 1988). Other studies 
focused on the modulation of perceived epth due to 
attraction or repulsion from nearby or overlapping 
surfaces (Hiris & Blake, 1996; Stevenson, Cormack, & 
Schor, 1991; Westheimer & Levi, 1987; Parker & Yang, 
1989). These studies describe depth perception once 
binocular correlation has been established. Our main 
interest is in the binocular correlation mechanism itself, 
i.e., in the first step in binocular depth perception. To 
establish correlation sensitivity we employed a disparity 
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FIGURE 1. Horizontal disparity distributions for the test and reference 
stimuli. The test stimulus consists of two gaussian distributions 
centered around adisparity of +D and -D. The width of the gaussians 
(i.e., noise amplitude, N) is manipulated to establish threshold 
correlation sensitivity. The task is to discriminate he two separate 
distributions from a single broad istribution i  the reference stimulus. 
The width of the single distribution equals the disparity offset D plus 
the noise amplitude N.
noise masking paradigm. Segregation was progressively 
made more difficult by adding gaussian distributed 
disparity noise to the disparity specifying the two planes. 
Noise renders correlation progressively more difficult 
and therefore allows us to study segregation processes in 
binocular correlation at supra-threshold disparity differ- 
ences, i.e.. irrespective of depth resolution or depth- 
acuity. 
Noise tolerance provides a quantitative measure for 
correlation sensitivity in the segregation task, and we use 
it to study the effect of motion on binocular segregation 
in depth. In a two-alternative forced-choice procedure 
observers must indicate whether the disparity values form 
a single, broad distribution, or two separate distributions 
coveting the same disparity range. Adding motion to the 
dots provides no depth cue by itself since motion contrast 
is added to both the test stimulus and to the reference 
stimulus. If motion affects segregation performance, it 
implies a direct effect of motion on binocular correlation, 
rather then depth cue combination. 
METHODS 
Stimuli 
Dynamic random dot stereograms were generated in 
real time by a Macintosh IIfx computer and displayed on 
a standard 12 inch Apple colour monitor (640 H × 
480 V, 67 Hz frame rate). The stereograms were viewed 
with a mirror stereoscope ata viewing distance of 1.2 m. 
At this viewing distance individual dots (single pixels) 
had nominal widths and heights of 1.0 min of arc. 
Binocular disparities were multiples of the 1.0 min of arc 
pixel size. Observers teadily fixated a binocular fixation 
mark centered in the display window. 
Each half-image consisted of 960 bright white dots, 
480 for each surface, and were displayed on a dark 
background in a darkened room. The display window 
measured 3.3 x 3.3 deg. The dot density was 88 dots/ 
deg 2. To be able to generate motion we set the dot 
lifetime to 120 msec (8 frames). This lifetime is long 
enough to induce a clear motion percept, but too short for 
tracking individual dots. All dot positions were updated 
every second frame (30 msec). At the end of their lifetime 
dots were extinguished and placed at a new random 
position. To prevent distracting flicker, new dots were 
generated asynchronously. The left- and tight-hand edges 
of the display were masked to remove monocular areas. 
Dots moving across a display border were regenerated at
a new random position at the opposite border. 
Task and procedure 
To study segregation in depth we used stimuli 
consisting of two frontoparallel surfaces. The two 
surfaces are always placed symmetrically around the 
binocular fixation cross. To study the role of segregation 
processes in binocular correlation we devised a task that 
addresses the correlation mechanisms, without engender- 
ing depth resolution or depth accuracy. To this end we 
keep the depth difference constant and well above the 
depth resolution threshold, and we reduce detectability 
by adding disparity noise to the disparity specifying the 
two planes. Adding noise progressively renders the two 
planes less detectable, but does not affect the mean 
disparities. Detection is therefore not limited by resolu- 
tion or acuity in the cyclopean domain (after correlation 
has been established). 
Figure 1 shows how gaussian distributed disparity 
noise is added to the disparity specifying the two planes. 
The vertical lines in the test stimulus at disparities of +D 
and-D represent the two planes for a noise-free 
stimulus. The width of the gaussian distributions (N) is 
manipulated to establish threshold correlation sensitivity. 
The gaussian noise was clipped at three times the 
standard eviation (SD). Unit noise amplitude is defined 
as the width of the distribution at 1 SD and is given in min 
of arc. This method of manipulating the strength of the 
binocular signal is the same as previously used to study 
integration of disparity information in sinusoidal depth 
gratings (Lankheet & Lennie, 1996). Harris & Parker 
(1992, 1994) used a similar method to study the 
efficiency of stereopsis in detecting a step change in 
disparity. 
Thresholds for segregating the two planes are mea- 
sured with a temporal two-alternative forced-choice 
procedure. The two planes, degraded by disparity noise 
were presented in one interval and a single gaussian 
distribution was presented in the other. The single 
distribution was centered at the mean of the two planes, 
i.e. at zero disparity. The width of the single distribution 
was equal to the width of the gaussians in the separate 
distributions (N), plus the disparity offset of the two 
planes (D). The observer's task is to discriminate the two 
separate distributions from the single, broad distribution. 
Since the mean and width of the total disparity 
distributions in the two presentation are the same, 
observers have to base their judgement on the difference 
in shape of the test and reference distributions, i.e., on the 
presence of two separate peaks in the test. 
Although observers might, in principle, also have used 
the small differences at the tails of the distributions, they 
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FIGURE 2. Examples of test stimuli and corresponding reference stimuli at different noise levels. The right-hand stereogram 
presents the reference stimulus corresponding to the transparent display on the left. The disparity offset for the two planes is +lO 
pixels in all cases, whch corresponds to 10 min arc for a display window of 3.3 deg. From top to bottom the noise amplitude 
increases from 0 through 5 and 10 pixels. In our experiments, pixel widths corresponded to 1 min arc and patterns were white on 
black rather than black on white as in these examples. 
always confirmed that such differences were undetectable 
and that they based their judgments on the presence of the 
central gap. Performance in this task thus critically 
depends on the ability to segregate the two distributions. 
Figure 2 shows examples of the patterns we used and 
illustrates the effect of adding noise. To aid fusion, the 
fixation marker which is normally centered in the display 
window is drawn above the display. Figure 2 is a static 
representation of the dynamic random dot stereograms 
that we used. Dot densities in dynamic displays yield 
much higher subjective densities than in static displays, 
owing to the long visual integration time relative to the 
dot lifetime. To provide an indication of the subjective 
dot density in the dynamic displays we have super- 
imposed two successive frames. The upper stereograms 
show the no-noise condition in which the two planes are 
easily segregated. The right-hand stereogram presents the 
reference stimulus corresponding to the transparent 
display on the left. In the static example, the depth of 
individual pixels is clearly perceived eventually. In 
dynamic random dot patterns, however, the depth of 
individual pixels is much more difficult to resolve, owing 
to the short dot lifetime. Rather than a three-dimensional 
cloud of points, one perceives the reference stimulus as 
an uncorrelated image with little or no depth. Increasing 
the noise amplitude (successive rows in Fig. 2) makes 
segregation progressively more difficult by decorrelating 
the images. 
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FIGURE 3. Segregation performance as a function of presentation 
interval duration. The stimulus consisted of two frontoparallel planes 
at -t-7 arc min. 
At the beginning of a trial observers fixated the fixation 
mark and started the trial by pressing a key on the 
keyboard. After the two intervals observers indicated in 
which interval the two distributions were presented by 
pressing one of two keys. The two intervals were 
separated by a brief gap (0.1-0.3 sec) during which the 
screen turned dark. The fixation cross was present 
throughout the experiment and was easily distinguished 
from the dynamic random dots. Between successive trials 
the fixation markers appeared on a dark screen. 
Thresholds for segregating the two distributions were 
established by a method of constant stimuli. A block of 
trials consisted of 10 repetitions of 5-7 noise levels 
chosen around the estimated threshold, and presented in
random order. We generally aimed to have one or two 
levels at 100% correct and the remaining levels on the 
slope of the psychometric curve. In a pilot experiment, 
we tested whether the exact choice of noise levels was 
critical, but we found that it did not significantly affect 
the thresholds. Blocks in which thresholds for different 
stimulus parameters were measured were done in pseudo- 
random order. Observers knew the type of stimulus 
(disparity difference, speed, direction) presented in a 
block. They were given no feedback on the correctness of
responses. A block of 60 trials, at 0.8 sec per interval, 
lasted about 3 min. Daily experimental sessions lasted up 
to 2 hr. Percentages correct are calculated from 3-7 
blocks (30-70 repetitions). A Weibull function is fitted to 
the psychometric curve, from which a threshold at 85% 
correct responses i obtained. The standard error for the 
threshold was estimated by calculating the noise range 
corresponding to the percent correct values within =El 
SD. The standard error thus reflects the SD (based on the 
binomial distribution) for the number of presentations a  
well as the slope of the psychometric curve. For details on 
the fitting procedure and on estimating the standard error 
we refer to a previous paper (Lankheet & Lennie, 1996). 
Thresholds provide a quantitative measure for correlation 
sensitivity in the segregation task. Higher thresholds 
correspond to higher noise tolerance and to higher 
sensitivity. 
Observers 
Five observers participated in the experiments. All had 
normal, or corrected-to-normal vision and good stereop- 
sis. Complete data sets for each experiment were 
obtained for the two authors, ML and MP. Most 
experiments were also done by a third, naive subject o 
corroborate the findings for the main subjects. All 
subjects had ample previous experience in psychophysi- 
cal experiments, including fixation tasks in motion 
displays. 
RESULTS 
Interval duration 
The correspondence problem is much easier solved in 
dynamic random dot stereograms than in static stereo- 
grams, as shown in Fig. 2. Fusion of static displays may 
take several seconds, especially when no fixation marks 
are provided. Dynamic displays, however, can be solved 
in a fraction of a second (see also Cormack et al., 1991; 
Tyler & Julesz, 1978). There are several reasons why 
dynamic displays ameliorate, rather than hinder binocular 
correlation. First, the time-averaged disparity informa- 
tion is much higher than in static displays. A single dot 
provides asingle disparity estimate in a static display, but 
may yield multiple, successive stimates in dynamic 
displays. Second, owing to the relatively long retinal 
integration times, subjective dot densities are consider- 
ably higher in dynamic displays. Third, in drawing the 
stereograms, for example, those in Fig. 2, we did not 
prevent clustering of dots. Thus, a single dark blob 
consisting of several dots may correspond partly to the 
background and partly to the foreground. Clusters may 
thus provide ambiguous depth information, which 
especially hinders segregation when it persists in the 
same location throughout the display time. Continuous 
updating of dot positions in dynamic stereograms, 
however, prevents uch persistent clustering and there- 
fore it is less disturbing. 
In pilot experiments we tested whether the dot lifetime 
of 120 msec was well above the minimum required for 
segregation. For stationary patterns we found good 
performance already at the shortest dot lifetimes that 
we could generate (15 msec). The 8-frame dot lifetime 
used in all experiments was a compromise between better 
stereopsis (short dot lifetimes) and stronger motion 
signals (long dot lifetimes). The exact choice of dot 
lifetime most probably does not affect the results 
qualitatively, but may affect a quantitative comparison 
between stationary and moving patterns. 
To find the minimal stimulus duration that still 
provides good segregation performance in our displays 
we varied interval durations from 60 msec to 3.2 sec. The 
disparities of the front and rear plane were fixed at 
+7 arcmin, and segregation performance ateach interval 
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FIGURE 4. Segregation performance as a function of disparity offset. In (A), noise thresholds are expressed as a fraction of the disparity offset. 
The disparity is the offset relative to the fixation point; disparity differences between fore- and background are twice this value. In (B), the same 
data are plotted as absolute noise thresholds, irrespective of disparity offset. The presentation i terval duration was 0.8 sec. 
duration was measured by increasing the noise amplitude. 
Figure 3 shows the results for observers ML and MP. 
Performance steeply rose with presentation i terval up to 
about 0.8 sec, and remained fairly constant at longer 
interval durations. For both observers, performance was 
well above chance level for the shortest durations that we 
tested. Standard errors were smallest between 0.2 and 
0.8 sec interval duration and relatively high for both very 
short and very long interval durations. Based on these 
findings, we used in subsequent experiments an interval 
duration of either 0.2 or 0.8 sec. 
Disparity range 
Figure 4(A) shows how segregation performance 
varies with disparity offset. Threshold noise values are 
plotted as a fraction of the disparity offset for the two 
planes. Expressed in this way, i.e., as a relative measure, 
performance is optimal for relatively small disparities (4- 
6 min of arc). Performance steeply declines for lower 
disparities; below 3 rain of arc the task could no longer be 
performed, even without noise. Above about 6 min of arc 
relative performance more or less linearly declines with 
increasing disparities. For ML the decline is relatively 
steep, yielding an upper depth limit of about 15 min of 
arc. Observer MP can resolve transparency up to about 
19min of arc. These values correspond to a total 
resolvable disparity range of 30 and 38 min of arc. At 
their optimum both observers tolerate noise amplitudes 
that are only slightly less than the disparity offset, i.e., 
they can resolve the transparency, even with substantial 
overlap between the two disparity distributions. 
Expressed as absolute noise thresholds (maximum 
noise amplitude irrespective of disparity offset) the 
maxima were shifted towards lightly higher disparities, 
6 min of arc for observer ML and 9 min of arc for 
observer MP [Fig. 4(B)]. 
The effect of motion contrast on segregation performance 
The data presented inFigs 3 and 4 describe segregation 
performance for stationary patterns. The stereograms 
consist of dynamic random dots, but they contain no 
coherent motion information. The next question we tried 
to answer is, how does motion affect segregation of the 
two planes? Does motion hinder the correlation process, 
or can motion information be used to ameliorate the 
correspondence problem? To answer this question we 
add motion contrast to the stimulus and compare 
segregation performance to that for stationary patterns. 
Dots belonging to one pattern (foreground or back- 
ground) moved coherently in one direction and the other 
pattem moved in a different direction, or at a different 
speed. It should be noted that in a single trial motion itself 
does not provide a depth cue that can be used to perform 
the task. Both patterns move in a frontoparallel p ane, and 
the motion is the same for the test stimulus and for the 
reference stimulus. Thus, even though transparent motion 
is readily perceived to occur at different depths, this is the 
case for both test and reference and the motion contrast 
therefore provides no depth cue to perform the task. In 
order to avoid the direction of motion providing a depth 
cue over successive presentations in one block we 
randomised the direction of motion for foreground and 
background. As a result, the depth order cannot be 
inferred from the direction of motion. 
Figure 5 shows the effects of different combinations of
motion for the fore- and background. The cartoons 
underneath each column represent the combination of 
motion vectors. Dots indicate a stationary pattern, arrows 
indicate the direction and velocity of a pattern. In all 
cases except for columns 8 and 9 the arrows indicate a 
velocity of 2.23 deg/sec. The left-hand column shows the 
baseline performance, for two stationary patterns. The 
second and fourth columns show motion contrast in the 
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vertical and horizontal direction. Plotted is the threshold 
noise., i.e, the maximum tolerable noise. Higher thresh- 
old noise thus implies better performance. Clearly, 
motion contrast greatly enhances segregation perfor- 
mance. The control measurements in the third and fifth 
column show that this effect is not due to changes in the 
temporal aspects of the stimulus. Motion of foreground 
and background in the same direction, which causes 
similar changes of temporal stimulus characteristics, has 
no effect at all, or even hinders performance (observer 
MP). Thus, motion itself is not sufficient. To enhance 
segregation, the motion vectors for the foreground and 
for the background must differ. This also explains why 
Sumnall, Cumming, and Parker (1995) found no effect of 
lateral motion on stereo matching in their depth 
discrimination task. Global, lateral motion has no effect: 
to enhance correlation, motion contrast is required. 
Columns 6 and 7 show that there is also an effect when 
only one of the two patterns moves and the other is 
stationary, although the effect is smaller than for opposite 
motion. Motion in the same direction, but at different 
speeds (columns 8 and 9) also shows a large effect. The 
measurements for columns 8 and 9 were done with 
speeds of 1.12 and 4.47 deg/sec. For the conditions in 
which the speed differs, different observers show distinct 
asymmetries. ML prefers faster motion in the back- 
ground, or a stationary pattern in the foreground, whereas 
DA prefers faster motion in the foreground. For all 
subjects, motion in horizontal and vertical directions 
(column 10) shows a clear effect. 
In the following paragraphs we will investigate the 
effects of direction and speed in quantitative detail. 
Velocity tuning 
To examine how the effect of motion depends on 
velocity, segregation performance was measured as a 
function of pattern velocity. We used opponent motion in 
the horizontal direction for patterns at +6 min of arc 
disparity. The results are shown as open symbols in Fig. 
6. Sensitivities at zero velocity are slightly lower than in 
Fig. 5, due to the shorter presentation time in these 
experiments (0.2 rather than 0.8 sec). Left-right motion 
shows an effect over a wide range of velocities, up to 
approx. 8 deg/sec. Enhancement increases with velocity, 
reaching a maximum at 2.5 (RvW) to 4.5 deg/sec (MP) 
and declines at higher velocities. Filled symbols show 
results for the control condition, in which both patterns 
move in the same direction, rather than oppositely. The 
results confirm the finding that motion itself has no effect, 
but that motion contrast between foreground and back- 
ground is essential. 
Figure 7 shows how velocity tuning varies with 
disparity offset. In order to easily compare the shape of 
the curves, we plotted threshold values as such, rather 
than as a fraction of the disparity offset. Expressed as a 
fraction of the disparity offset, sensitivities were highest 
for the smallest disparity offset and declined steeply with 
increasing disparity (see also Fig. 4). For both observers 
the velocity tuning curve for 3 min of arc disparity offset 
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FIGURE 5. The effect of motion on segregation performance. The 
figures underneath each column show the different combinations of 
motion vectors. A dot represents a tationary (but dynamic) pattern, an 
arrow indicates the direction and velocity of a pattern. All arrows 
correspond to a velocity of 2.23 deg/sec, except for columns 8and 9, 
where the larger arrow corresponds to a velocity of 4.5 deg/sec and the 
smaller one to 1.12 deg/sec. The disparity offset in all cases was 6 min 
of arc and the presentation interval duration was 0.8 sec. Results for 
three observers are shown in separate panels. 
has an optimum at a velocity of approx. 2-3 deg/sec. For 
a disparity difference of 6 min of arc the optimum is 
shifted towards a velocity of 4.5 deg/sec. A further 
increase in disparity offset o 9 rain of arc either shifts the 
curve further to the right (MP) or slightly back to the left 
(ML). Especially in the high velocity range, the curves 
for different disparities differ substantially. The same 
velocity may show a large effect for large disparity 
differences but little, or no effect at all for smaller 
disparity differences. 
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FIGURE 6. Velocity tuning of segregation enhancement. Foreground 
and background patterns moved horizontally, either in opposite 
directions (open symbols) or in the same direction (filled symbols). 
Results for three observers are shown in separate panels. The disparity 
offset in all cases was 6 min of arc and the presentation i terval 
duration was 0.2 sec. 
Direction tuning 
We already showed in Fig. 4 that it is not necessary for 
the two motion vectors to be opposite. There is also clear 
enhancement when the two patterns move at an angle of 
90 deg. Thus, direction differences of 180 and 90 deg 
show similar effects, but 0 deg has no effect. The 
dependence on directional difference was studied in 
more detail by systematically varying the direction of one 
pattern, while keeping the other constant, for patterns at 
~-6 rain of arc disparity. Owing to the limited resolution 
of the monitor there is a limited set of directions at which 
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FIGURE 7. Velocity tuning as a function of disparity offset. 
Foreground and background patterns moved horizontally in opposite 
directions, at different velocities. The parameter in the graph is the 
disparity offset; circles 3 min of arc, squares 6 min of arc, and 
diamonds 9 min of arc. Results for two observers are shown in separate 
panels. The presentation i terval duration was 0.2 sec. 
the velocity can remain constant. We chose a step size of 
5 pixels, since in that case combinations of 3 and 4 pixels 
step sizes in horizontal and vertical directions yield 
exactly the same velocity. Five pixels per frame 
corresponds to 2.8 deg/sec in our set-up, which is close 
to the optimum velocity at the disparity offset of 6 min of 
arc. 
One pattern always moved in the vertical direction, and 
the other moved at 0, 37, 53, 90, 126, 143 and 180 deg 
relative to the vertical. The results are shown in Fig. 8 for 
two observers. Sensitivity improves with increasing 
angle between the two motion vectors. Maximum 
sensitivity occurs however around 145 deg, rather than 
at 180 deg. As shown in Fig. 5, sensitivity at 180 deg is 
approx, equal to that at 90 deg, but the intermediate 
angles are even more effective. 
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DISCUSSION 
Segregation vs integration 
To solve the correspondence problem in random dot 
stereograms and obtain a globally consistent disparity 
map, binocular correlation mechanisms probably require 
both excitatory and inhibitory interactions between local 
disparities (Tyler, 1975a,b). Local excitatory interactions 
may set the limits for apparently global spatial integration 
of disparity information. Phenomena such as the double 
nail illusion (Krol & van de Grind, 1980) and the shape of 
psychophysical disparity tuning functions (Stevenson et 
al., 1992, Cormack, Stevenson, & Schor, 1993) illustrate 
the existence of inhibitory interactions. In a previous 
paper we studied the integration of local disparities for 
detecting smooth, continuous surfaces in order to 
characterise the presumed excitatory interactions (Lan- 
kheet & Lennie, 1996). In this paper, we studied the basic 
requirements for segregating two transparent surfaces in 
depth. Segregation may depend more specifically on 
inhibition between dissimilar disparities. The present 
data may thus also help to characterise the presumed 
inhibitory interactions. We used random dot patterns and 
measurement procedures similar to those in the previous 
paper. The results on segregation and integration can, 
therefore, be compared quantitatively. Together, they 
form a comprehensive data set for critically testing 
realistic models of binocular correlation processing. 
Observers can only segregate ransparent surfaces for 
disparity offsets larger than approx. ±3 min of arc. For 
smaller disparity differences one can still tell the 
difference between the two transparent surfaces and a 
fiat surface, but not between two separate planes and a 
single broad disparity distribution. Thus, at lower 
disparity differences disparity integration seems tronger 
than segregation. The lower limit for segregation is
comparable with the gap-resolution i transparent ran- 
dom dot stereograms reported by Stevenson et al. (1989). 
It is also closely related to effects of depth attraction, 
depth repulsion and depth averaging reported previously 
(Schumer, 1979; Parker & Yang, 1989; Stevenson et al., 
1991), The latter authors measured epth attraction for 
separations up to 3-6 min arc, and repulsion for larger 
disparity differences. This is very similar to our minimum 
disparity offset. 
It is possible that the balance between integration and 
segregation depends on dot density, which was held 
constant during all experiments. Dot density determines 
the spatial density of disparity information. A low density 
might limit the integration of disparity information in 
each of the two frontoparallel surfaces. On the other 
hand, high dot densities may result in an increased 
number of false matches, counteracting the extra 
disparity information. Predicting the effects of dot 
density in quantitative detail requires an extensive ideal 
observer analysis and falls beyond the scope of the 
present paper. Pilot experiments in which dot density was 
systematically varied showed that segregation perfor- 
mance improved with dot densities up to about 10 dots/ 
deg 2 and remained relatively constant, up to the density 
used in the final set of experiments. This finding agrees 
with small effects of dot density (in the range that we 
used) on binocular correlation reported previously 
(Lankheet & Lennie, 1996, Tyler, 1974) We can, 
however, not exclude a possible ffect of dot density on 
the slope and range of the disparity curve in Fig. 4. 
Higher disparity offsets may suffer more from false 
matches, and may thus be relatively more affected by dot 
density. Yet, since dot density was held constant in all our 
experiments it is unlikely to affect velocity tuning and 
direction tuning of motion enhancement in binocular 
segregation. 
Enhancement by motion 
We were especially interested in the question to what 
extent motion can enhance the correlation process and 
improve segregation. Numerous studies have shown 
extensive similarities and interactions between depth 
processing based on motion and on stereopsis. Observers 
are comparably accurate at judging depth from motion 
parallax or from binocular disparities (Rogers & Graham, 
1982). Binocular disparities effectively disambiguate the 
depth relation in otherwise ambiguous tructure-from- 
motion displays (Dosher, Sperling, & Wurst, 1986). 
Cross-adaptation effects (Rogers & Graham, 1984; 
Nawrot & Blake, 1989, 1991a; Bradshaw & Rogers, 
1996), sub-threshold summation (op cit.), and the 
perceptual identity of dynamic stereopsis and structure 
from motion (Nawrot & Blake, 1993) suggest that depth 
from stereopsis and depth from motion parallax are 
tightly coupled. A major unresolved issue is, however, at 
what processing level these interactions occur. Much 
research as focused on the combination of depth cues 
from motion and from stereopsis. These studies have 
been interpreted in the context of so-called weak and 
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strong fusion models (Btilthof, 1991; Clark & Yuille, 
1990; Landy et al., 1995). In weak fusion models depth 
cues are processed independently in separate modules, 
and then combined by weighted averaging. In strong 
fusion models, e.g., a common neural mechanism for 
stereopsis and structure from motion as proposed by 
Nawrot & Blake (1991a,b), different depth cues interact 
prior to yielding depth esl:imates. We already argued that 
motion was not a depth cue in our experiments, and that 
our results therefore cannot be explained by, or refute 
depth cue combination. Both patterns move in a 
frontoparallel direction a:ad since this is the case for test 
and reference stimuli the motion itself contains no depth 
information. Depth cue combination models, be they 
weak or strong versions;, fall short of explaining the 
motion enhancement tha~L we found. Our results suggest 
more fundamental interactions between motion and 
stereo, corresponding to the most polarised form of 
strong fusion: lack of modular processing. Motion 
contrast and disparity interact in establishing binocular 
correlation for segreg~Ltion i  depth. This finding 
corroborates and extends previous findings of extensive 
interactions between motion and stereo cues in depth 
processing (Nawrot & Blake, 1991a,b; Bradshaw & 
Rogers, 1996). 
Our conclusion is also well in line with numerous 
physiological studies on disparity and motion processing 
in monkey visual cortex. Most neurones in macaque 
visual cortex responding differentially to binocular 
disparity are also sensitive to motion (Maunsell & Van 
Essen, 1983; Poggio, Gonzalez, & Krause, 1988; Qian, 
1994; Qian, Andersen, & Adelson, 1994a,b,c). If we 
assume that disparity tuning of single neurones omehow 
contributes to binocular depth perception, tuning to both 
disparity and motion predicts the enhancement that we 
found psychophysically. In this light, it is interesting that 
we found different velocity tuning curves for different 
disparity offsets. Figure '7 shows that high velocities may 
enhance segregation of large disparities, but have no 
effect for smaller disparity differences. Thus, enhance- 
ment is not simply determined by the strength of the 
motion signal, but mechanisms tuned for different 
disparities may be tuned for different velocities. The 
enhancement cannot be explained by segregation due to 
motion, which is then fed into an independent depth 
processing module, but motion tuning and disparity 
tuning seem to be linked together, It is the combination of 
motion and disparity that determines enhancement. 
We found observer-dependent asymmetries when 
foreground and backgrc,und patterns moved at different 
speeds. Some observers perform better when the fore- 
ground pattern moves faster, whereas others perform 
better when the backgro~and pattern moves faster (Fig. 5). 
Observers can use velocity contrast o segregate the 
patterns in depth, but the effect depends on depth order. 
We do not have a simple explanation for these 
asymmetries. It is possible that observers have different 
speed preferences for different depth planes. In fact, the 
velocity tuning curves in Fig. 6 also point in that 
direction. At a relatively large disparity offset, observer 
MP preferred higher speeds than observer ML. It should 
be noted that for the asymmetrical conditions (velocity 
contrast at angles other than 180 deg apart) in Fig. 5 
observers were able to infer the motion direction for the 
two patterns over successive trials. Although the direc- 
tion of motion was randomised from trial to trial, the 
faster one was always in front of or behind the slower 
one. Thus, the depth-to-motion correlation could be 
inferred in the course of an experimental block. This 
information is, however, not sufficient to perform the task 
since both velocities were present in the test condition 
and the reference condition. Moreover, observers do not 
seem to be able to use this information consistently. They 
do not perform better in asymmetrical conditions than in 
the symmetrical conditions. The lesser performance in 
some of the asymmetrical conditions eems to indicate 
that the extra information hinders, rather than helps 
successful segregation. 
Data in Fig. 8 show that motion enhancement i creases 
with directional difference. Maximum enhancement, 
however, occurs for a direction of approx. 143 deg, 
rather than for opposite motion in the foreground and 
background. This may reflect inhibitory interactions 
between motion detectors. Owing to mutual suppression, 
two opposite motion vectors may provide less motion 
contrast than two patterns moving at a small angle. 
Suppression of motion responses in transparent displays 
has been described for both V1 and for area MT of 
macaque visual cortex (Qian et al., 1994b; Snowden, 
Treue, Erickson, & Andersen, 1991). Although the effect 
in primary cortex is less severe, it may be most relevant 
since binocular correlation is probably to a large extent 
established in primary visual cortex (Poggio, 1995; 
Poggio & Fischer, 1977; Poggio et al., 1988, Poggio, 
Motter, Squatrito, & Trotter, 1985). Moderate mutual 
suppression may account for the fact that the enhance- 
ment is largest for a small difference in motion axes, 
but that there is still clear enhancement by opposite 
motion. 
In summary, we first showed some basic requirements 
for segregation-in-depth of transparent, frontoparallel 
surfaces. To specifically study the requirements for 
binocular correlation we used a disparity noise masking 
paradigm, rather than measuring minimum and max- 
imum resolvable disparity differences. The data comple- 
ment earlier work on integration of disparity information 
for detecting binocular correlation, and may help to 
further unravel the inhibitory mechanisms underlying 
binocular correlation. We found that motion contrast 
strongly enhances stereoscopic segregation-in-depth. 
Tuning for speed and for directional difference between 
the two motion components suggests that motion and 
disparity interact at a very low level in the visual system 
and challenge the notion of separate depth and motion 
modules in visual processing. The interactions between 
stereo and motion as revealed in these experiments may 
take place in area MT, or possibly already in primary 
visual cortex. 
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